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Photo-oxidation of furans 
The development of chemical systems capable of the oxy-
genation of organic substrates with molecular oxygen in a 
selective and catalytic fashion has attracted considerable 
attention over the last two decades1. This interest has been 
further stimulated by the search for model reactions which 
mimic biological oxygenases2,3. Singlet-excited molecular 
oxygen (1O2) has been widely used for this purpose4. 
Alkenes can give rise to three main products when treated 
with singlet oxygen, i.e. 1,2-dioxetanes, alkyl hydro-
peroxides and 1,4-endoperoxides. 
 
The formation of endoperoxides (2), via a 2 + 4 cycload-
dition of 1O2 to 1,3-dienes, is especially attractive for syn-
thetic applications since it constitutes a selective cis-1,4-
-dioxygenation (Scheme 1)5. Not surprisingly, furans can be 
used as 1,3-diene components in this dioxygenation to 
afford bicyclic endoperoxides  (Scheme 2).  The parent furan 
 
endoperoxide 4 (2,3,7-trioxabicyclo[2,2,1]hept-5-ene) can 
be considered as the product of the mono-ozonolysis of 
cyclobutadiene. The presence of the strained trioxabicy-
clo[2.2.1]heptane ring systems renders ozonide 4 an 
intriguing compound for studying peroxide chemistry. A 
diversity  of  products  can  result  from  the   breakdown   of 
these endoperoxides, which is strongly dependent upon 
both the substituents and the solvents. Moreover, furan 
endoperoxides are precursors to substituted hydroperoxides 
(6), carbonyl oxides (7) and dioxiranes (8). 
 
As a result, furan endoperoxides are of interest in the 
elucidation of oxidation mechanism, i.e. epoxidation, ano-
malous ozonolysis and oxidative decarbonylation. Schenck6, 
in a pioneering study, discovered that furans 3 can be con-
verted into endoperoxides 4 selectively and in high yield by 
sensitized photo-oxidation. Widespread application has 
since been made of phenyl-substituted furans and benzo-
furans as 1O2 acceptors in kinetic studies of singlet-oxygen 
reactions and in investigations of the biological role of singlet 
oxygen4. These aspects have been adequately treated else-
where4. In this review we have taken this into account and 
will therefore describe some of the recent advances in the 
photo-oxidation of furans paying particular attention to the 
formation of furan endoperoxides, their rearrangement 
reactions and conversions into hydroperoxides. Further-
more,  an account will be given of the application of furan 
photo-oxidation in the formation of multifunctional syn-
thons, which has led to new approaches in natural product 
syntheses over the last few years. 
Furan endoperoxide formation 
Furans readily add singlet oxygen (1O2) to afford bicyclic 
endoperoxides6. Dufraisse and Ecary7 isolated what was 
probably the first furan endoperoxide, an explosive product 
formed from 1O2 addition to 1,3-diphenylisobenzofuran 9
(Scheme 3). 
Golnick8,9 recently isolated in reasonable quantity a number 
of highly sensitive furan endoperoxides (Table I). 
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We developed a technique for the photo-oxygenation of 
furans at –60°C in a specially equipped NMR probe10. In 
this way, several furan endoperoxides could be character-
ized in solution and their degradation processes elu-
cidated10,13,28,29,36. The endoperoxide was the primary 
photo-oxidation product in all cases, except for furfural. 
The thermal stability of the furan endoperoxides is 
increased by the presence of electron-withdrawing alkoxy-
carbonyl substituents in the 2- and 3-position and by the 
introduction of an alkyl substituent in the 5-position of a 
monosubstituted   furan   endoperoxide   (vide    infra).   For 
 
instance, 12 (R = H) could not be observed in CD3OD at 
temperatures as low as –60°C, whereas 12 (R = CH3) (as 
the hemiacetal) only slowly decomposed at 0°C13. 
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The presence of the C–C pi-bond exerts a destabilizing 
effect  on the endoperoxide (Scheme 4), presumably due to 
ring strain and non-bonded interactions14,5c. 
The thermal stabilities and decomposition mechanisms of 
furan endoperoxides are probably governed by similar 
factors as recently demonstrated for cyclic16 and bicyclic 
peroxides, such as the prostaglandine endoperoxide parent 
structure14,17. However, the extent to which C–O and O–O
bond polarizations, “abnormal” O–O bond lengths, steric 
effects etc. play a role, remains essentially unknown. Only 
spectroscopic analysis and a rigorous mechanistic 
investigation of the thermal decomposition of furan endo-
peroxides can provide insight into these aspects. 
Several mechanistic pathways can be imagined for the 
formation of furan endoperoxides i.e. via a concerted 
Diels--Alder reaction (16a), via perepoxide (16b) or 
zwitterionic intermediates (16c)18-20. 
Kinetic analysis of 1O2 addition to di- and tetrasubstituted 
furans revealed zero activation enthalpies, entropies of 
activation in the range of –19 to –28 e.u. and a lack of 
significant solvent effects on the rates of oxidations which is 
in accordance with a concerted cycloaddition of 1O28,18,19. 
The increase in rate observed with the increase in the 
number of substituents was attributed in these cases to a 
lowering of substituent entropy restrictions19. Clennan and 
Mehrsheikh–Mohammadi found two distinct linear free 
energy relationships for a series of 2- and 2,5-substituted 
furans20 and approximately the same oxidation rate for 
symmetrically substituted furans as for their unsymmetrical 
analogues. Attempts to trap intermediates21, such as 16b
and  16c, by intramolecular alcohol addition were unsuc-
cessful22 (Scheme 5). For this purpose the photo-oxidation 
of furans 17 was studied. Selective and quantitative for-
mation of 18 prior to conversion to 19 takes place. 
The results so far support a concerted cycloaddition 
mechanism for symmetrically substituted furans8,18,19,23.
For asymmetric furans, the kinetic data suggest a different 
geometry of approach of 1O2; presumably reaction occurs 
through an asymmetric transition state20,24 with non-
synchronous bond formation. Intermediates 16b and 16c
are  nonconcerted extrema in the 1O2 addition to furan 
compounds with asymmetric electron distributions20. 
Two properties of furan endoperoxides have to be taken 
into consideration when studying their thermal conversions, 
First, 2,5-dimethylfuran endoperoxide 14 shows exceptional 
behaviour in that dimerization can take place8 (Scheme 6), 
Some decomposition products could equally well result 
from dimers (such as 20) as from monomers. Second, a 
retro-[4 + 2]-addition25,27, with elimination of 1O227, was 
found for endoperoxides 21 obtained from 2,5-diphenyl-
furans 22 (Scheme 7). 
 
Rearrangements of furan endoperoxides 
The major degradative pathways of furan endoperoxides 
are summarized in Scheme 8: 
a.  Rearrangements to 4-oxo-2,3-unsaturated esters 
The thermal decomposition of several 2-mono-alkoxymethyl 
and 2,5-bis(alkoxymethyl)- and 2-acyl-substituted furan endo-
peroxides results in the formation of 4-oxo-2,3-unsaturated 
esters (Scheme 8, pathway a). Thus, macrocyclic furan en-
doperoxide 24 (a crown ozonide), obtained via photo-
oxidation of furan crown ether 23, rearranged quantitatively 
to give macrocyclic lactone 25 in CHCl3 and CH3OH with 
first-order kinetics (9°C, k = 2.5  10–2 s–1, CDCl3)28. Con-
trary to expectation4, hydroperoxide 26, derivable by me-
thanol addition to 24, was not formed. 
In an analogous process, endoperoxide 28, obtained from 
2-(methoxymethyl)furan 27, gave 29 exclusively in chloro-
form (Scheme 10)29. Two concurrent processes take place 
in  methanol as solvent, with rearrangement to 29 as the 
major route (82%)29. On the basis of these results, it was 
concluded that the breakdown of α-substituents in the 
photo-oxidation    of    alkoxymethyl-substituted     furans4,29 
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Scheme 8. Rearrangement pathways of furan endoperoxides, 
a. rearrangement to 4-oxo-2,3-unsaturated esters with oxygen insertion into the C–R2 bond; 
b. rearrangement to enol esters with oxygen insertion into carbon–vinyl bond; 
c. rearrangement to epoxides; 
d. hydroperoxide formation via alcohol (R3OH) addition. * Substituents at other positions omitted for sake of clarity; for 
nature of substituents see following sections. 
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proceeds in CHCl3 exclusively and in CH3OH predomi-
nantly via the rearrangement shown in Scheme 10. The fact 
that lactones were isolated as the main product of photo-
oxidation of 274,29,30 is due to solvolysis of 29. 
Similar competing pathways in CH3OH were found for 
various oxymethyl-substituted furan endoperoxides and 
acyl-substituted furan endoperoxides 32 (Scheme 11). In 
CHCl3, these compounds follow the rearrangement path-
way to 33 exclusively. This rearrangement was not observed 
when ester or aldehyde substituents were present. 
The rearrangement of furan endoperoxides as discussed 
above and the so called “anomalous ozonolysis” (Sche-
me 12)17a   presumably  proceed  via  a  similar   mechanism. 
Young31 suggested a Baeyer–Villiger-like rearrangement to 
explain the varying amounts of products which are formed 
as a result of cleavage of both the carbon–carbon double 
bond and the adjacent carbon–carbon single bond32. 
At least three mechanistic pathways have to be considered 
for the furan endoperoxide rearrangement 35 to 39 
(Scheme 13)4,8,17a, 29, 31,33. 
(i) C–O bond cleavage followed by carbonyl oxide and 
dioxirane formation; 
(ii) O–O bond cleavage to dioxiranes; 
(iii) O–O bond cleavage with migration of the alkoxy-
methyl substituent in a Baeyer–Villiger-like rearrange-
ment. 
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Scheme 13. Possible rearrangement pathways of 2(Alkoxymethyl)furan endoperoxides. 
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Oxygen insertion via dioxiranes has extensive pre-
cedent34,35. Route (i) leads to an intermediate zwitterion 36 
which can be trapped by methanol to yield hydroperoxides 
34. The formation of intermediates 36–38 can accommo-
date a number of the experimental results obtained so 
far8,29,33. 
Adam33 reported an analogous rearrangement of endo-
peroxide 40 and expressed a strong preference for 
mechanistic route (i) (Scheme 13), in which dioxirane 41 is 
postulated as the immediate precursor to 42 (Scheme 14). 
This is in accordance with the proposed silatropic shift in 
the 1O2 conversion of α-trimethylsilyldiazoalkanes into silyl 
esters (Scheme 15)35. Support for route (i) (Scheme 13) 
might also come from the exclusive rearrangement of 43 in 
tert-butanol (and in chloroform), whereas selective solvent 
addition occurs in methanol36 (Scheme 16). These results 
are consistent with a solvent-assisted C–O bond homolysis 
to 45 but, due to steric hindrance, t-BuOH addition is 
prevented8. 
The majority of the results on furan endoperoxide 
rearrangement, discussed here, can also be explained by 
O-O bond fragmentation as shown in pathways (ii) and (iii) 
(Scheme 13). It is conceivable that a Baeyer–Villiger-like 
rearrangement, as previously proposed17a,29,31,37, can com-
pete with C–O bond fragmentation, depending upon solvent 
and substituents. Through-bond interactions, which involve 
unshared electron pairs of substituents, can assist in O–O 
bond cleavage 17b,38. 
 
A common intermediate 47 for methanol addition and 
rearrangement cannot easily account for the results of the 
competition experiments shown in  Scheme 11.  It  was  also 
found that thiophene endoperoxide 49 yields a rearrange-
ment product 51; a thioketone analogue 51a would be ex-
pected from a rearrangement according to pathway (i) 
(Scheme 13)39. Unequivocal differentiation between the 
C-O and O–O bond cleavage pathways should be possible 
via oxygen labelling experiments (as indicated in 
Scheme 13). 
 
b.  Rearrangement to enol esters 
The photo-oxidation of tetraarylfurans and diphenylbenzo-
furan yields, among other products, enol benzoates 
(Scheme 18)40. Similar rearrangements were found for furan 
endoperoxides with ester substituents in the 3-position 
(Scheme 19)26,41. It is quite conceivable that rearrangement 
of 54 and 56 takes place via mechanistic route (i) of 
Scheme 13 (see previous section). Instead of migration of 
the substituent in the 2-position, migration of the vinyl 
group occurs, The increase in yield of enol ester 
(Scheme 19) in more polar solvents is an indication of the 
involvement of the zwitterionic intermediate 5741. Non-
nucleophilic solvents of increased polarity will enhance the 
rate of reaction pathways involving dipolar intermediates, 
as was also observed for 2,5-dimethylfuran endoperoxide 59 
in tert-butanol. A rationalization is given in Scheme 208. 
Vinyl (rather than methyl) migration takes place in 
dioxirane 62. The quantitative photo-oxidative conversion 
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follows a similar rearrangement route10 (Scheme 21). CO2 
elimination from the rearrangement product 66, followed by 
O- to N-transposition of the butenyl group, in analogy to 
the  singlet-oxygen oxidation of oxazoles to triamides42, 
leads to 68. The rearrangement to enol esters, as described 
above, could well be a typical reaction for several other 
furan endoperoxides if a non-nucleophilic polar solvent is 
used to stabilize dipolar intermediates and if oxygen transfer 
reactions (following section) are slow. 
c.  Rearrangements to epoxides 
Epoxy lactones 72 and diepoxides 73 can be formed as 
major products in the thermal rearrangement of alkyl- and 
certain aryl-substituted furan endoperoxides (Scheme 22). 
The products may arise via initial O–O bond homolysis to 
oxygen diradicals 704,16. A 1,2-H-shift in intermediate 71 
(R" = H) yields epoxy lactone 72. Lutz et al.40b obtained 
diepoxide 75 as the major product from the photo-oxidation 
of 74 (Scheme 23), whereas furanophane 76 gave tetra-
epoxide 7743 (Scheme 24). 2,5-Dimethylfuran endoperoxides 
69 (R, R" = CH3 , R' = H  or  CO2CH3)  were  converted  into 
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diepoxides 73 when heated in CCl4 or C6H6 above 
60°C8,26,44. The lack of epoxy lactone 72 as a product is in 
accord with the lower migratory ability of a methyl as com-
pared to a hydrogen substituent R" in intermediate 71. Un-
substituted- and 2-alkyl-substituted furan endoperoxides 69 
rearrange to mixtures of diepoxides 73  and  epoxy  lactones 
 
72 at room temperature in CCl4, CH2Cl2 or CHCl3. The 
ratio of 72 and 73 strongly depends on the solvent used8,45. 
Similar results were found for 3-alkyl-substituted furan 
endoperoxides45-47 (Scheme 25). In general, alkyl substi-
tutents in the 2- and 5-position of the furan endoperoxides, 
as well as apolar solvents, favour the formation of epox-
ides45. 
Epoxides via oxygen atom transfer 
The various results on furan endoperoxide decomposition 
discussed so far indicate the formation of carbonyl oxide 83 
 
and dioxirane 84 intermediates. This implies that epoxide 
formation via oxygen atom transfer3,50 could be possible. 
Adam and Rodriquez52a, Wasserman51 and Saito et al.52b 
have demonstrated that oxygen-atom transfer from inter-
mediates in furan endoperoxide decomposition reactions to 
suitable acceptors, such as alkenes, sulfides and ketones 
can indeed take place. Thus, 14 yields epoxide 85 (20%) 
and sulfoxide 86  (11%) at 29°C  (Scheme 26),  whereas no 
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oxygen transfer takes place below 0°C, temperatures at 
which decomposition of 14 is slow. These results indicate 
that no significant direct nucleophilic attack of the sub-
strates on 14 occurs, supporting a transfer mechanism via 
83 or 84. The low yields are not unexpected in view of the 
fact that carbonyl oxides are rather poor oxygen-atom 
transfer agents53,55. The saturated analogue 15 gave a high 
yield of epoxide 85 in the reaction with 2,3-dimethyl-2-
-butene and acted as a Baeyer–Villiger-type oxidation agent 
with ketones54 (Scheme 27). Ample precedent exists for the 
type of intermediates and mechanism described above. Car-
bonyl oxides are well established as intermediates in the 
Criegee mechanism for alkene ozonolysis54,55 and their oxy-
gen-atom transfer reactions are of interest for mono-
oxygenase action55,56. Dioxiranes  have  been  postulated  as 
intermediates in peracid reactions50,57,58 and have been 
isolated in some cases59. Both carbonyl oxides and 
dioxiranes from non-ozonide precursors have been used as 
epoxidizing agents (Scheme 28)53,55,57. For intermolecular 
oxidation reactions with furan endoperoxides, a preference 
for O-atom transfer from 83 rather than from 84 was 
expressed52 (Scheme 26) although 84 could well be involved 
in view of the recent results cited above. The formation of 
epoxides in a number of other furan photo-oxidations can be 
ascribed to intramolecular oxygen-atom transfer 
reactions12,37,60. For instance, the high yields of 91 were 
explained via ring closure of carbonyl oxide 89 (Scheme 29) 
followed by rearrangement to 91, although alternative 
explanations can be given37,51,61. 
To gain  further support  for carbonyl  oxide and  perepoxide 
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intermediates in furan endoperoxide decomposition, intra-
molecular trapping experiments with 92 and 93 were per-
formed (Scheme 30)62. 
The preference of carbonyl oxide 94 to be converted to 
dioxirane 96, in contrast to carbonyl oxide 95, was 
attributed to the electron-withdrawing effect of the enone 
moiety in 9462. In the light of earlier experiments (i.e. 
Scheme 29), the absence of epoxidation of the enone 
functionality in 94 is difficult to explain using this 
mechanism. 
d.  Hydroperoxide formation via alcohol addition 
Alkoxy hydroperoxide compounds 102 are readily formed 
when alkylfurans are photo-oxidized in alcoholic solvents, 
or when alcohols are added to endoperoxides 101 
(Scheme 31)37,63. Schenck et al.63 have isolated methoxy 
hydroperoxide 102 (R1 = R2 = CH3) from the singlet-
oxygen  reaction of 2,5-dimethylfuran. Gollnick and 
Griesbeck8, in a recent detailed study, found that MeOH, 
EtOH and i-PrOH all added regioselectively to the more 
hindered  two-position  of  2-alkylfuran  endoperoxides  101 
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(R2 = H). t-BuOH, however, gave a rearranged product (see 
section a), presumably due to steric congestion appearing in 
the addition step. Furthermore, stereoselective cis addition of 
alcohols takes place as was revealed by an X-ray analysis of 
102 (R1 = R2 = CH3)64. 
We22 described the exclusive formation of spirohydro-
peroxide 105: the product of the stereoselective intra-
molecular alcohol addition to the endoperoxide nucleus 
(Scheme 32). The cis-stereoselectivity in the solvolysis of 
furan endoperoxides has been explained by a nucleophilic 
displacement, with retention of configuration, via a 
hydrogen-bonded peroxy group,  as  shown  in  Scheme 338. 
The regioselectivity is determined by the stabilization of the 
developing positive charge. For furan endoperoxides with 
aryl, acyl and alkoxymethyl substituents, rearrangements 
compete with methanol addition (see section a,b). For 
endoperoxides derived from 3-alkylfurans, O–O bond 
homolysis is a favourable pathway even in methanol46 
(section c). 
The parent furan endoperoxide 4 yields a mixture of three 
butyrolactones when decomposed in methanol (Scheme 34). 
Compound 107 is the expected product from methanol 
addition followed by water elimination. It has been 
suggested that 108 and 109  are  formed  by  two  competing 
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processes; proton elimination from a bridgehead position in 
4, followed by rearrangement to 1085c and O–O bond 
homolysis of 4 leading to 1098. 
α-Hydroperoxy carbonyl compounds in photo-oxidative degrad-
ation of furans 
It was found that the solvolysis of endoperoxides, obtained 
from certain furfural derivatives, yields α-hydroperoxy 
carbonyl compounds. These hydroperoxides were essential 
intermediates in the photo-oxidative decarbonylation of 
these furfurals13,37. The singlet-oxygen reaction of 5-methyl-
furfural 110 is illustrative (Scheme 35). 5-Methylfurfural 
(110) is quantitatively converted into pseudo-ester 116 in 
this oxidation reaction. Methanol addition to endoperoxide 
111 at 0°C yields α-hydroperoxy hemiacetal 112, which is in 
equilibrium with α-hydroperoxy aldehyde compound 113. 
Two competing degradation pathways occur when the 
temperature is further increased: path (i), involving elimi-
nation of methyl formate, and path (ii), involving elimination 
of formic acid. 
It was shown that the formic acid did not result from 
hydrate 114. Cyclization of α-hydroperoxy aldehyde 113 to 
hydroxydioxetane 115 explains the formation of formic acid. 
In conformity with this decomposition mechanism, 
chemiexcitated lactone 116 is obtained13,65. 
The α-hydroperoxy carbonyl structure plays a central role in 
important metabolic processes such as the dioxygenase 
mechanism (e.g. phenol ring cleavage)56,68, indoleacetic acid 
decarboxylation69 and bioluminescence65,68,70. The base-
catalyzed α-cleavage has been explained by a predominant 
acylic “carbonyl addition” mechanism (Scheme 36, 
route a)68,71. 
The degradation of the α-hydroxyperoxy carbonyl 
compound 113 derived from 5-methylfurfural can serve as a 
model for these bio-oxidative decarbonylation reactions. 
The decarbonylation of 113 can be directed mildly and 
selectively to proceed via an acyclic (dark) and a cyclic 
(chemiluminescent) pathway, depending upon the hemiace-
tal equilibrium. 
The dark-decomposition pathway was avoided in the case of 
the furfural derivative 117, which contained an internal 
hydroxyl group (Scheme 37)13. 
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Although several mechanisms8,13,37,66 have been proposed 
for the photo-oxidation of furfural, all the evidence points 
towards the fragmentation route shown in Scheme 38. 
Adduct 122 has recently been characterized67. 
Synthetic applications of furan photo-oxidation 
1,4-Diketo compounds 
Furan endoperoxides and alkoxy hydroperoxides derived 
from   these   compounds   are    conveniently    reduced    to 
enediones 124, 4-oxo esters and 2-acetylbenzoyl acrylates. 
These conversions have been applied in the synthesis of 
pyridazine heterocycles46b (Scheme 39). 
Tokoroyama72 used the singlet-oxygen reaction of 3-substi-
tuted furan (128), followed by reduction of the intermediate 
to an enediol, as key steps in the synthesis of portulal 130 
(Scheme 40). The polycyclic diketone 133 was obtained 
from photo-oxidation of furanophane 131. Acid or base 
treatment converted it into 134, a precursor for cis-
indacenyl dianion (135) and bis(as-indacenyliron) (136) 
(Scheme 41)73. 
Vanadium pentoxide-catalyzed degradation of alkoxy 
hydroperoxides in alcoholic solution provided a new route 
to 2,5-dialkoxydihydrofurans and spiroketals 137 and an 
alternative to the Clauson–Kaas reaction22 (Scheme 42). 
γ-Butyrolactones 
4-Hydroxy- and 4-alkoxy-2,3-unsaturated butyrolactones 
139 and spirolactones 141 can be prepared in high yields by 
degradation of the hydroperoxides using Pb(OAc)4 or 
stoichiometric amounts of V2O522,37,63,74.  Alternatively, they 
 
 484 Ben L. Feringa / Photo-oxidation of furans 
are accessible via photo-oxidation of furoic acids75 and 
furancarbaldehydes6,8,13 (Schemes 43, 44). This butyrolac-
tone synthesis has been applied to the short-route synthesis 
of (d,l)-pyrenophorin (Scheme 45)76. 
The hydroxyl group in furan 142 was protected to prevent 
intramolecular alcohol addition during photo-oxidation. 
Hydroperoxide 143 was treated with Pb(OAc)4 , followed by 
reketalization and removal of the protecting group to afford 
pyrenophorin precursor 145. This compound was converted 
into pyrenophorin (146) in two steps77. 
In the total synthesis of d,l-strigol, Sih and coworkers78 
photo-oxidized 3-methyl-2-furoic acid to ethoxy lactone 148 
and converted this into 149. Hydroxymethylene lactone 150 
was alkylated with 149 to give d,l-strigol 151 together with 
the 4'-epistrigol (approx. 1/1 ratio). Michael addition of 
diethyl ethylmalonate to ethoxy lactone 152, obtained via 
photo-oxidation of furfural, afforded lactone ester 153. 
Treatment with HBr in acetic acid, followed by esterifi-
cation, hydrogenation and hydrolysis, gave homopilopic 
acid 154. This constitutes an efficient process for the pre-
paration of 154, a precursor to pilocarpine 155 
(Scheme 47)79. 
In the total synthesis of camptothecin 159, Meyers et al.80 
first converted 152 into acetal ester 157 before Michael 
addition  with  156  and   subsequent   transformations.   The 
photo-oxidation of the chiral furan derivative 161 derived 
from furan diester 160 was used by Corey et al.81 in their 
route to 20(S)-camptothecin. Hydroxylactones 162 and 163 
(1/2.5 ratio) were converted into the pseudo acid chloride 
164 and condensed with 165. Similar mixtures of hydroxy 
lactones were found in the photo-oxidation of toonacilin46a. 
γ-Hydroxybutenolide 123, obtained by photo-oxidation of 
2-furoic acid, has been utilized in the synthesis of the 
macrocyclic segment of verrucarin J82 (168). Horner–Em-
mons reaction of phosphonate 166 with 123 furnished 167 in 
84% yield. The same lactone was used in the synthesis of 
aspidosperma-type alkaloids (Scheme 51). Diels–Alder 
reaction, followed by methylenation, gave 170, which was 
condensed with 2-ethyl-3-indolecarboxaldehydes and con-
verted to 6,7-dehydroaspidospermidine83. Two naturally oc-
curring eremophilenolides were prepared by photo-oxygen-
ation of petasalbin (Scheme 52)84. A recent total synthesis 
of manoalide was achieved using the regiospecific photo-
oxidation of 4-alkenyl-2-(trimethylsilyl)furan 176 to β-alke-
nyl-γ-hydroxybutenolide 17785 as a key step. As is illustrated 
by the synthetic applications given here, the photo-oxidation 
of furans has been used mainly for the selective introduction 
of a γ-butyrolactone moiety. The epoxides or rearrangement 
products derived from furan endoperoxides have to date 
only been sparingly used in synthesis. 
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Final remarks 
Peroxides, especially cyclic peroxides, are currently the 
subject of active research. In part, this is due to the 
discovery of these structures in important metabolic pro-
cesses (e.g. arachidonic acid cascade). On the other hand, a 
knowledge of their chemistry is important in the elucidation 
of bio-oxidation mechanisms and in the design of new 
(industrially important) oxidation catalysts. 
Furan endoperoxides lend themselves admirably to these 
purposes  since  they  are  sensitive  to  subtle  variations   in 
electronic and steric effects which result in a diversity of 
mechanistic pathways. Quantitative kinetic and mechanistic 
studies will, however, be necessary to provide insight into 
the rich chemistry of cyclic peroxides as summarized in this 
review. 
The formation of substituted perepoxides and carbonyl 
oxides offers new opportunities for rearrangement 
reactions. Detailed information on oxygen-atom transfer 
from intermediates in furan photo-oxidation will lead to 
advances in the development of epoxidation and hydroxy-
lation  catalysts.   Trapping  of  unstable  intermediates  and 
 Recueil des Travaux Chimiques des Pays-Bas, 106/9, September 1987 487 
base-catalyzed rearrangements have hardly been inves-
tigated. A clear demonstration has been provided that the 
photo-oxidation of furans results in new routes to multi-
functional synthons. The synthetic potential of the products 
obtained from furan endoperoxides, e.g. γ-butyrolactones, 
epoxy lactones, diepoxides, has been scarcely investigated. 
The mild and selective photochemical formation of various 
functionalized hydroperoxides and related peroxides has 
many potential applications in biochemical studies. 
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